Asada K, Obata K, Horiguchi K, Takaki M. Age-related changes in afferent responses in sensory neurons to mechanical stimulation of osteoblasts in coculture system. Am J Physiol Cell Physiol 302: C757-C765, 2012. First published November 16, 2011 doi:10.1152/ajpcell.00362.2011.-Bone homeostasis is regulated by mechanical stimulation (MS). The sensory mechanism of bone tissue for MS remains unknown in the maintenance of bone homeostasis. We aimed to investigate the sensory mechanism from osteoblasts to sensory neurons in a coculture system by MS of osteoblasts. Primary sensory neurons isolated from dorsal root ganglia (DRG) of neonatal, juvenile, and adult mice and osteoblasts isolated from calvaria of neonatal mice were cocultured for 24 h. The responses in DRG neurons elicited by MS of osteoblasts with a glass micropipette were detected by increases in intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) with fluo 3-AM. In all developmental stages mice, [Ca 2ϩ ]i-increasing responses in osteoblasts were promptly elicited by MS. After a short delay, [Ca 2ϩ ]i-increasing responses were observed in neurites of DRG neurons. The osteoblastic response to second MS was largely attenuated by a stretch-activated Ca 2ϩ channel blocker, gadolinium. The increases of [Ca 2ϩ ]i in DRG neurons were abolished by a P2 receptor antagonist; suramin, a P2X receptor antagonist, pyridoxal-phosphate-6-azophenyl-2=,4=-disulfonate; and an ATP-hydrolyzing enzyme, apyrase. Satellite cells were found around DRG neurons in cocultured cells of only neonatal and juvenile mice. After satellite cells were removed, excessive abnormal responses to MS of osteoblasts were observed in neonatal neurites with unchanged osteoblast responses. The present study indicated that MS of bone tissue elicited afferent P2X receptor-mediated purinergic transmission to sensory neurons in all stages mice. This transmission is modulated by satellite cells, which may have protective actions on sensory neurons. dorsal root ganglia; calcium imaging; satellite cell; 5=-triphosphate; bone formation BONE HAS IMPORTANT ROLES IN supporting the body to maintain motor functions against the gravity and in storing minerals such as calcium and phosphate, resulting in an essential role player maintaining life. In the maintenance of bone homeostasis, mechanical stimulation (MS) to the bone plays critical roles. Mechanically unloading by prolonged bed rest, immobilization, or microgravity in space causes a marked loss of bone (28, 34). The atrophic changes in bone or heterotopic bone formations are observed in patients with neurological disorder (7, 10). It would be beneficial in treatments for the patients with neurological disorder and for aged patients with bone loss (24) to reveal the transduction mechanism of MS into bone homeostasis.
BONE HAS IMPORTANT ROLES IN supporting the body to maintain motor functions against the gravity and in storing minerals such as calcium and phosphate, resulting in an essential role player maintaining life. In the maintenance of bone homeostasis, mechanical stimulation (MS) to the bone plays critical roles. Mechanically unloading by prolonged bed rest, immobilization, or microgravity in space causes a marked loss of bone (28, 34) . The atrophic changes in bone or heterotopic bone formations are observed in patients with neurological disorder (7, 10) . It would be beneficial in treatments for the patients with neurological disorder and for aged patients with bone loss (24) to reveal the transduction mechanism of MS into bone homeostasis.
Such studies (17) have been initiated from the molecular mechanism in bone underlying transduction of MS into a cellular response, although the benefits of MS have been well demonstrated in clinical settings. Activation of a variety of factors such as the MAPK to stretch (25) , ERK1/2 to gravity loading (11) , and upregulation of osteopontin gene expression by fluid shear stress (35) has been reported in signal transduction from MS into a cellular response. Osteoblasts are key regulators of bone formation response to MS. In fact, it has been shown in in vitro studies that primary and clonal osteoblast-like cells respond to shear stress with increased cell proliferation and differentiation (6, 13) .
Concerning about interactions between osteoblasts and sympathetic nerves, there is a report showing that bone metabolism in ob/ob mouse is controlled by the direct contact between sympathetic nerve endings and osteoblasts (31) . It has also been identified that both receptors for neurotransmitters and neurite-inducing factors acting on elongating nerve fibers are constantly expressed in osteoblasts and osteoclasts (32) . This evidence suggested the possibility that neuropeptides in bone tissues and noradrenergic nerve fibers control bone metabolism by each neuropeptidergic and noradrenergic receptor and that both osteoblasts and osteoclasts dynamically control elongation of nerve fibers (16) . Therefore, both directional physiological interactions between bones and sympathetic nerves would be predicted.
In fact, Obata et al. (21) found the efferent response from superior cervical ganglia neurons to osteoblasts by application of scorpion venom in an in vitro coculture mouse model. On the other hand, the afferent response from osteoblasts to sensory neurons has not been yet identified. Although the role of MS to bone is critical in the maintenance of bone homeostasis, the sensory mechanism of bone tissue for MS remains unknown. In the present study, we aimed to investigate the sensory mechanism from osteoblasts to neurites in sensory neurons from dorsal root ganglia (DRG) in similar coculture system (21) using MS and Ca 2ϩ imaging. In addition, the afferent response of neurites in DRG neurons to MS of osteoblasts was compared among three different developmental stages in reference to presence of satellite cells.
MATERIALS AND METHODS
The investigation conformed with the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication No. 85-23, revised 1996). The experimental procedures were approved by the Animal Care and Use Committee of Nara Medical University.
DRG neuron cultures. Primary cultures of DRG neurons were performed by already established protocols (20, 30) . The spinal cord was isolated and the DRG was dissected using microscope from both sides of thoracic and lumbar vertebrae of adult (2-3 mo) BALB/c mice (Japan SLC, Shizuoka, Japan). After the connective tissue was removed, the spinal dorsal roots were cut close to the ganglia. Each ganglion was divided into two pieces and incubated for 30 min at 37°C in 5 ml of DMEM (Nacalai Tesque, Kyoto, Japan) consisting of 0.5 mg/ml of trypsin (grade II; Sigma, St. Louis, MO) and 1 mg/ml collagenase (GIBCO, Gaithersburg, MD). In neonatal (0 -5 days old) and juvenile (14 -18 days old) mouse, DRGs were dissected and divided in similar way to adults and incubated for 60 min at 37°C in 2 ml of HBSS (Nacalai Tesque) containing 0.125% trypsin. The resultant cell suspension was plated at a density of 0.5-1 ϫ 10 4 nerve cells onto Matrigel (Becton-Dickinson, Bedford, MA)-coated 35-mm diameter glass bottom culture dishes. The neurons were grown in Ham's F-12 culture medium (Nacalai Tesque), 10% FBS (HyClone, Logan, UT), 100 IU/ml penicillin, 100 g/ml streptomycin (GIBCO), and 50 ng/ml murine nerve growth factor (2.5 S; Upstate Biotechnology, Lake Placid, NY) at 37°C in a 5% CO 2 humidified atmosphere.
Removal of nonneural glial type cells. DRG were plated on a 10-cm dish, and at 37°C in a humidified atmosphere containing 5% CO2 for 3 h (initial plating). This step allowed us to remove nonneural glial type (satellite) cells from neurons using their differential adhesion properties. Satellite cells retain several characteristics of glial cells, such as the ability to firmly adhere to the bottom of uncoated culture dish. At the end of the initial-plating time, neurons were floating in the incubation media and could be harvested by collection of the media (1) .
Osteoblast culture. Primary osteoblasts were isolated from neonatal mouse calvariae after five routine sequential digestions with 0.1% collagenase and 0.2% dispase (Godo Shusei, Tokyo, Japan), according to the literature (22) . Osteoblasts isolated from fractions 3-5 were combined and cultured in DMEM, supplemented with 10% FBS, 100 IU/ml penicillin, and 100 g/ml streptomycin (GIBCO) at 37°C.
Coculture. For coculture experiments, osteoblasts (10 4 /dish) were added to 24-h-old cultures of DRG neurons, and the cocultures were then incubated for 24 h at 37°C in a 5% CO2 humidified atmosphere.
MS. MS was applied to a single osteoblast using a fire-polished glass micropipette (tip diameter of ϳ2-3 m) made with a micropipette puller (PC-10; Narishige, Tokyo, Japan). The micropipette was attached to micromanipulator (MHW-3; Narishige) at an angle of 45°t o the dish bottom plane and then was set into the position 50 m above the perinuclear region of a target osteoblast in the center of the microscopic field. The pipette was gently moved downward until touching the osteoblast and depressed the cell membrane for focal stretch (8, 15) . Ca 2ϩ imaging. Before measurements, cells cocultured for 24 h were incubated for 30 min at 37°C in culture medium containing fluo 3-AM (2 M; DOJINDO, Kumamoto, Japan) and then washed twice with HEPES buffer of the following composition: 140 mM NaCl, 5 mM KCl, 0.6 mM MgCl 2, 1 mM CaCl2, 10 mM HEPES, 1 mg/ml D-glucose, 1 mg/ml BSA (Sigma), and 0.1 mg/ml sulfinpyrazone (Sigma), adjusted to pH 7.4. Changes in [Ca 2ϩ ]i were monitored using a digital imaging system (AQUACOSMOS; Hamamatsu Photonics, Shizuoka, Japan) mounted on an inverted microscope. The fluo 3-containing cells were illuminated at 488 nm, and the intensity of the fluorescent emission from the indicator at 515-565 nm was recorded. Digital Ca 2ϩ images (527 ϫ 511 pixels) were normally collected at 244-to 366-ms intervals, and the intensity of the fluorescence at a given time (Ft) was usually normalized to the fluorescence intensity at ; and ATPsignaling blockade group: 100 M suramin (as a P2 receptor blocker; Sigma), 100 M pyridoxal-phosphate-6-azophenyl-2=,4=-disulfonate (PPADS; as a P2X receptor blocker; Sigma), or 10 U/ml apyrase (ATP-hydrolyzing enzyme; Nacalai Tesque). After a first MS was performed as a control experiment, superfusion with each blocker in HEPES buffer was performed 10 -15 min before the second MS. The response to the second MS was compared with that to a first MS.
Electron microscopy analysis. The cells were cultured in the glass chamber slide coated with Matrigel (Becton-Dickinson). After the Ca 2ϩ imaging experiment, the cells rinsed twice with PBS. For electron microscopy, cells were fixed in 4% paraformaldehyde and 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at room temperature. The samples were rinsed in the same buffer and postfixed in 1% osmium tetroxide for 20 min. The samples were then rinsed in distilled water, stained with 3% uranyl acetate solution for 1 h, dehydrated in a graded series of ethyl alcohols, and embedded in Epok 812 resin (Oken, Tokyo, Japan). Ultrathin sections were examined using an H-7650 transmission electron microscope (Hitachi, Tokyo, Japan).
Immunocytochemical analysis. For immunocytochemical analysis, cells were rinsed twice with PBS, and then were fixed for 10 min with 4% paraformaldehyde diluted in PBS, washed three times for 5 min in PBS and rendered permeable with 0.1% vol/vol Triton X-100 (Sigma). After fixation, cultures were washed twice with PBS and blocked with 10% goat serum (Vector Laboratories, Burlingame, CA) in PBS for 30 min. Primary antibodies were diluted [1:200 for mouse monoclonal anti-glial fibrillary acidic protein (GFAP; ChemiconMillipore, Temecula, CA); and 1:500 for panclonal rabbit polyclonal anti-neurofilament (Enzo Life Sciences, Plymouth Meeting, PA)] and applied to cultures overnight at 4°C. GFAP immunoreactivity was detected using an Alexa Flour 546-conjugated secondary antibody (Alexa Flour 546 donkey anti-mouse; Molecular Probes, Eugene, OR; 1:5,000 in PBS for 2 h in the dark at room temperature). Neurofilament immunoreactivity was detected using an Alexa Flour 488-conjugated secondary antibody (Alexa Flour 488 goat anti-rabbit; Molecular Probes; 1:5,000). Tissues were examined with an OLYM-PUS FV1000 (Tokyo, Japan) confocal microscope. Final images were constructed with FV10-ASW [Ver1.7] (Olympus).
Statistical analysis. All data are expressed as the means Ϯ SD. Two comparisons were performed using Mann-Whitney U-test and Student's unpaired t-test. Multiple comparisons were performed by one- way ANOVA with a post hoc Tukey test. A value of P Ͻ 0.05 was considered statistically significant. ] i was observed in the neurite contacted with the stimulated osteoblast (Fig. 1) . We, therefore, observed the afferent response, i.e., afferent signal transmission from osteoblasts to sensory neurons, in coculture system.
RESULTS

[
Ultrastructure of contact between neurite and osteoblast. Under the electron microscopic observation, cultured osteoblasts showed spindle shape and electron-dense cytoplasm. On the other hand, cultured DRG neurons had large, rounded cell bodies and a less electron-dense cytoplasm than that of osteoblasts. DRG neuron extended a long neurite-like process containing microtubules toward the osteoblast (Fig. 2A) . Close membrane contacts between the neurite-like processes of DRG neurons and osteoblasts were often observed. An example is shown in Fig. 2B .
Effect of gadolinium and nifedipine in response of osteoblast. The responses of osteoblasts to second MS (second response) were compared with those to first MS (first response) in osteoblasts monoculture. Although the second response with no treatment (none) decreased to 69 Ϯ 12% of the first response (n ϭ 7), the second response with gadolinium was significantly decreased to 34 Ϯ 18% (n ϭ 7). The second response with nifedipine was decreased to 52 Ϯ 22% (n ϭ 6) but not significantly (Fig. 3) . The MS-induced Ca 2ϩ fluorescent response of osteoblast is attributed to activation of a SAC channel. Under extracellular Ca 2ϩ -free conditions, MS did not induce any Ca 2ϩ fluorescent responses of osteoblasts (data not shown).
Effects of ATP signaling blockers on the responses of osteoblasts and neurites. The response of neurite to second MS was reduced to 73 Ϯ 8% of the response to first MS with no treatment (n ϭ 6). To explore afferent signal transmitter candidates, cocultures were treated with a purinergic receptor antagonist. After superfusion with HEPES buffer for control, cultures were superfused with a nonspecific P2 receptor antagonist, suramin (100 M). In the presence of suramin, although the response of osteoblasts was also slightly decreased, the response of neurites contact with osteoblast was abolished (n ϭ 8; Fig. 4A ). Since suramin can block both P2Y receptor expressed in osteoblasts and P2X receptor expressed in neurons, a more selective antagonist of P2X receptor in neurons than suramin, PPADS, was chosen for next experiment. In the presence of PPADS, the response of neurite to second MS was abolished (n ϭ 5), whereas the second response of osteoblasts was not significantly decreased (62 Ϯ 32% of the first response remained; Fig. 4B ). To confirm of ATP release from osteoblast as a transmitter, cocultures were treated with an ATP-hydrolyzing enzyme, apyrase. The response of neurite to second MS was abolished by apyrase (n ϭ 5), whereas the second response of osteoblasts was not significantly decreased (67 Ϯ 21% of the first response remained; Fig. 4C ). The results indicated that MS of bone tissue elicited afferent purinergic signal transmission from osteoblsts to sensory neurons.
Morphologic changes of neurons with age. In primary neuron culture of neonates (N) and juveniles (J), nonneural glial type cells, satellite cells were observed around neurons (Fig. 5,  A and B) . In the primary culture of adult neurons, satellite cells were hardly observed anywhere (Fig. 5C ). Immunofluorescence staining confirmed that immunopositive cells for GFAP were satellite cells (Fig. 5, D and E) . The number of satellite cells was compared among N, J, and adults (A) in each view of each culture. The ratio of number of satellite cells vs. number of neurons in N was significantly (P Ͻ 0.05) larger than that in A and J (Fig. 5F) .
Neurite Summarized data of excessively responding neurites after removal of satellite cells in N, J, and A were shown in Table 1 . In N, percentage of excessively responding neurites to MS was significantly (P Ͻ 0.05) increased after removal of satellite cells compared with that in the presence of satellite cells. The result indicated that satellite cells in N depressed excessive abnormal response of neurites.
Latency of the response to MS of osteoblast in neurites of N within a distance of 200 m from the stimulated point was significantly (P Ͻ 0.05) shortened after removal of satellite cells (Table 1) .
DISCUSSION
This is the first finding of afferent signal transmission from osteoblasts to sensory neurons in in vitro coculture system. Ultrastructure of contact between neurite and osteoblast by Fig. 6 . Percentage of number of normally responding neurites to MS of osteoblasts in neonates, juveniles and adults. Neurites contact with the stimulated osteoblast were selected in each of all ages groups. Percentage of number of normally responding neurites without excessive responses in neonates was significantly higher than in adults (n ϭ 24, 18, and 16 views in adults, juveniles, and neonates, respectively). *P Ͻ 0.05 vs. adults. electron microscopy supports this finding, although the direction of signal transmission could not be determined. The afferent signal transmission is found to be elicited by opening SAC channel and followed by release of ATP, i.e., purinergic. However, neither suramin, PPADS, nor apyrase affected MSevoked [Ca 2ϩ ] i increases in satellite cells. Therefore, satellite cells seemed unlikely to directly contribute to afferent signal transmission from osteoblasts to sensory neurons.
Age-related changes in afferent responses in sensory neurons to MS of osteoblasts were found; normally, the responding ratio in sensory neurons is positively correlated with age-related changes in the richness of satellite cells. This suggests the possibility that the satellite cells stabilize the neurite response by suppressing abnormal excessive excitation.
In the present study, to prove the hypothesis on occurrence of afferent signal transmission from osteoblasts to sensory neurons elicited by MS, we adopted an in vitro coculture system composed of cultured osteobalsts and DRG neurons. In many studies, fluid or fluid flow shear stress was applied as the stimulating method for osteoblasts (4, 6, 9, 13) . However, in the present coculture system, fluid or fluid flow shear stress could stimulate both osteobalsts and DRG neurons. As the method for MS to stimulate only osteoblasts, we selected similar stimulation method using a glass micropipette to that previously reported (8, 15) .
In osteoblast monoculture, the second MS-induced Ca 2ϩ fluorescent response of the osteoblast was suppressed by the presence of the SAC channel blocker gadolinium (see Fig. 3 ) and it was abolished under extracellular Ca 2ϩ -free conditions (data not shown). Duncan and Hruska (5) demonstrated that the whole cell conductance increase with hypotonic challenge was blocked by gadolinium (20 M) in osteoblast-like osteosar- 20) . Taken together, the Ca 2ϩ influx through the SAC channels first triggers the mechanotransduction in osteobalsts in consistent with previous reports (3, 5, 26) .
In coculture of osteoblasts and neurons, a nonspecific P2 receptor antagonist, suramin; a P2X receptor antagonist, PPADS; and an ATP-hydrolyzing enzyme, apyrase, blocked the response of neurites contact with osteoblasts (see Fig. 4 ), suggesting the possibility for ATP release from osteoblasts and participation of P2X receptor in the neurite response. The possibility for ATP release from osteoblasts after [Ca 2ϩ ] i elevation induced by MS has been supported by previous reports showing exocytotic release of ATP induced by MS such as fluid shear stress (9) and hypotonic stress (27) .
It is well known that in rat DRG neurons there exist P2X 2 receptors and P2X 3 receptors (33) . Moreover, in the P2X 2 / P2X 3 double knockout mouse, DRG neurons did not respond to ATP, suggesting an importance of both P2X 2 and P2X 3 subunits in sensory afferent signaling (2) . Considering from these reports, P2X 2 , P2X 3 , and P2X 2/3 would be expected as functional P2X purinegic receptors in sensory neurons, although we did not determine which P2X purinegic receptor subtypes participated in the present neurite response.
The present results obtained from satellite cells removed experiments indicated that satellite cells suppressed abnormal excitation of DRG neurons (see Figs. 7 and 8 and Table 1 ). This neuroprotective function of satellite cells may be important on developmental bone formation. Satellite cells were hardly observed in adults in the present study. In aged animals, both the number of satellite cells and the mean volume of satellite cells sheaths are significantly lower than in young adults. Therefore, extensive portions of the neuronal surface are not covered by satellite cells, resulting in high exposure to harmful substances in aged animals (23) . This might be a reason for less bone formation in old adults.
In DRG neurons, a novel Cl Ϫ and Ca 2ϩ -dependent negative interaction between cationic P2X and anionic GABA A receptors is found. Such negative cross talk might represent a model for a new mechanism to inhibit afferent excitation to the spinal cord as GABA and ATP are coreleased within the dorsal horn (29) . Dye coupling incidence between satellite glial cells associated with neurons has been reported in DRG (12) . These results provide the possibility for functional coupling between satellite glial cells and neurons, i.e., GABA inhibition mediated via gap junctions, although the direct evidence supporting for this possibility is not sufficient.
Our findings suggest that the role of sensory afferent signal transmission is to relay bone-related mechanoreceptive information to the central nervous system (CNS) and to provide autonomic regulatory influences on the bone. Recently, Takeda et al. (31) revealed that CNS depressed bone metabolism mediated via sympathetic nerves. If so, feedback loops originating from bone to CNS seem to be necessary for the bone homeostasis maintenance. In fact, there is some evidence for the presence of afferent pathways, i.e., sensory afferent nerves mainly composed of A-␤, A-␦, and C fibers are distributing into the bone tissue (14, 18) . These peripheral and central nervous systems could be functioning for bone homeostasis maintenance.
The present in vitro system provides models to reveal mechanisms of afferent signal transmission from bone to sensory nerves. The approaches would represent a basis for understanding etiologies of diseases with bone loss such as osteoporosis and neurogical disorder and could provide new insights into therapeutic strategies.
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